Texture of muscle food is dependent on the gelation properties of myofibrillar protein. Defining the performance of myofibrillar protein during gelation is beneficial for maintaining quality and developing muscle food. The myofibrillar protein from abalone muscle (AMP) was extracted and the gel-forming ability was investigated. The lowest protein solubility of AMP in distilled water was obtained at pH 5.5, but shifted to a lower pH value by ionic strength. The breaking force and deformation of AMP gel formed at pH 7.0 were 48.00 g and 27.70 mm, respectively, but they could not be detected at pH 5.0 and pH 5.5 due to the low gel-forming ability. Scanning electron microscopy data showed that a coarse and disorder gel containing clusters of agglomerates was observed at pH 5.0 and pH 5.5, but gradual compact network structure was observed in the gel formed at increasing pH. The glass transition temperature (Tg) of AMP gel formed at pH 5.5 was higher than that of AMP, and the Tg of AMP gel was increased with increasing the pH of gel-forming solution. It was found that the unfolding of tertiary structure of AMP at pH 7.0 was easier than that at pH 5.5 through the result of infrared spectra. We therefore conclude that both the solubility and gel-forming ability of AMP are pH dependent.
Introduction
Abalone is considered as one of the most highly valued seafood especially in south-east Asia due to its delicious taste and nutritional richness. Abalone yield of China has grown rapidly and reached 128,000 tons in 2015 years, and Fujian province account for 80%. [1] In order to enable abalone to be sold in other regions, the products of abalone were treated by heating, such as dried abalone, frozensteamed abalone, and canned abalone, which are increased gradually in the market. Some researchers have paid attention to the effect of heat treatment on the texture of abalone muscle. Gao et al. [2] [3] [4] investigated the effect of steaming and boiling on the rheological properties and histological structure of abalone muscle; the results revealed that the denaturation of myofibrillar protein, gelatination of collagen, and change of muscle tissue structure will cause modification in rheological properties. Zhu et al. [5] reported that the alteration of shear force was closely correlated to myofibrils' shrinkage and collagen gelatination in abalone muscle. These results confirm that myofibrillar protein has a certain impact on the texture of abalone muscle food. However, the physicochemical properties and thermal properties of AMP are rarely reported.
Myofibrillar proteins have an excellent gel-forming ability, which is mainly composed of myosin, actin, actomyosin, and tropomyosin. It is well known that myofibrillar protein plays an important role on the textural properties of muscle food. [6] Researchers reported that myofibrillar protein is responsible for the water holding capacity (WHC) of muscle food. [7] The higher texture profile analysis texture characteristics of fish are related to a higher content of myofibrillar protein. [8] The degradation of beef myofibrillar protein caused more tender meat. [9] One of the most important properties of myofibrillar protein in muscle food is their ability to form gel during the heating process. Gel formation in muscle involves partial denaturation of protein followed by irreversible aggregation which results in a three-dimensional network. [10] During myofibrillar protein network formation, water retention is improved, affecting the yield, juiciness, and texture of the final muscle food. The gel properties of protein can be influenced by various factors, and pH is considered as one of the most important factors. For instance, a neutral pH was most beneficial for formation of the heat-induced scallop actomyosin gel. [11] During heating at 1°C/min, fish myosin formed gel only at pH 5.5-7.5, but not at pH 8.0 and pH 9.0. [12] In addition, it was reported that the higher gelling quality was produced by alkaline solubilization processing than conventionally washed surimi from Atlantic menhaden. [13] Myofibrillar protein is the major protein of abalone, which is about 60% of total protein content. [14] However, the gel properties of AMP that may play a key role in abalone muscle food have not been reported.
Fourier transform infrared spectroscopy (FTIR) is generally used to research the secondary structure of proteins in diverse environments, making it become a valuable technique for studying protein denaturation and aggregation. Amide I (1600-1700 cm
) and amide II (1500-1600 cm ) are considered to be the indicators of the secondary structure of proteins, but more researches are focused on amide I than amide II.
In this study, the effects of pH on the protein solubility of AMP and on the characteristics of its heatinduced gels were investigated, which aim to collect more insight into the gel properties of abalone myofibrillar protein and obtain theoretical guidance for developments in abalone muscle food.
Materials and methods

Materials
Fresh abalones (Haliotis Discus Hannai Ino) were purchased from Xiamen Dongyueyu Marine Food Co., Ltd. The abalone was 3-year-old, weighing 60 ± 10 g (including the shell and viscera).
AMP extraction
Myofibrillar protein was prepared from abalone muscle according to the method of Paredi [15] with some modification. After removing the shell and viscera from abalone, the muscle was minced and mixed with 20 volumes of solution A (40 mM NaCl, 0.5 mM DTT, 1 mM MgCl 2 , 1 mM EGTA, and 10 mM phosphate buffer, pH 7.0). The mixture was then homogenized (FA25 Superfine Homogenizer, Fluko Equipment Shanghai Co., Ltd, Shanghai, China) at 10,000 rpm for 5 min. To avoid overheating, the sample was placed on ice and homogenized intermittently (25 s followed by a 10 s rest interval). The homogenate was then centrifuged at 10,000 rpm for 10 min. The sediment was collected, and the steps described above were repeated two times. The final acquisition was resuspended in 10 volumes of solution B (0.6 M NaCl, 1 mM EGTA, and 10 mM phosphate buffer, pH 7.0) and then centrifuged at 12,000 rpm for 30 min. Finally, the supernatant was subjected to dialysis in distilled water and freeze-dried to obtain the AMP. The freeze-dried AMP was dissolved in 2% SDS-8 M urea-20 mM Tris-HCl (pH 8.8) for checking the purity by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). All solutions used for the AMP preparation were kept cold at 4°C to minimize proteolysis and protein denaturation.
Protein solubility
Protein solubility of AMP was determined in 4°C distilled water or buffer solution (0.6 M NaCl, 50 mM sodium phosphate, pH 6.0, 4°C) within a range of pH values from 3.0 to 8.0. Protein concentration was diluted to 10 mg/ml, adjusted to the target pH values (from 3.0 to 8.0) using 0.1 M HCl or NaOH, and then collected protein solution was subjected to centrifugation (6000 rpm, 4°C, 15 min) in a refrigerated centrifuge (Eppendorf Centrifuge 5417R, Eppendorf AG, Hamburg, Germany). The protein subunits of supernatants were determined by SDS-PAGE. The protein concentration in the supernatant was determined using the Lowry method [16] with bovine serum albumin as a standard. The protein solubility was determined according to the method of Tang [17] and can be calculated using the following formula:
AMP solubility (%) = (protein concentration of sample/protein concentration of control) × 100
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis SDS-PAGE was performed with 4% stacking gel and 8% separating gel according to the method of Laemmli. [18] After electrophoresis, gels were stained with 0.025% Coomassie Brilliant Blue R-250 in 5% methanol and 10% acetic acid and destained with 30% methanol and 10% acetic acid. A protein standard (Fermentas Life Sciences, Hanover, MD, USA) ranging from 10 to 200 kDa was used to estimate the molecular weight of the proteins.
Preparation of the AMP gels
The AMP was dissolved in buffer solution (0.6 M NaCl, 50 mM sodium phosphate, pH 6.0, 4°C). Protein concentration was diluted to 40 mg/ml, adjusted to the target pH values (from 5.0 to 7.0) using 0.5 M HCl or NaOH, and stirred to ensure sample homogeneity. The AMP gel-forming solution was placed into 10 ml glass beakers (diameter 25mm) and the height of AMP gel-forming solution in the glass beakers was approximately 30 mm. Three replicates of each treatment were used. The glass beakers were heated in a water bath (TXF200-S12 Model, Grant Instruments Ltd., Cambridge, UK) from 25°C to 80°C at 1.0°C/min increments, and then held at 80°C for 20 min. The glass beakers were immediately cooled by being held in ice water and then stored at 4°C overnight before analysis.
Textural properties
Textural properties of AMP gels were measured by a texture analyzer (TMS-PRO, Food Technology Co., USA) equipped with a spherical probe (diameter 5 mm) and 10 N load cell for breaking force (g) and deformation (mm) at a penetration speed of 30 mm/min. The textural properties of all the AMP gels were measured at room temperature and every measurement was repeated three times.
Water holding capacity
The WHC (%) was measured according to Kocher [19] with slight modifications. The AMP gels were centrifuged at 1000 rpm for 10 min at 4°C. The weights of AMP gels before centrifugation and moisture loss were all recorded. The following formula was used to determine WHC (%):
where ML was the amount (g) of moisture loss from the AMP gel during centrifugation and CG was the weight of the heated AMP gel (g) before centrifugation. All treatments were run in triplicate.
Scanning electron microscopy
The microstructure of AMP gels was performed by the scanning electron microscope (S-4800, Hitachi Co., Tokyo, Japan). Samples were prepared with a thickness of 2-3 mm and then immersed in 0.1 M phosphate buffer (pH 7.2) containing 2.5% (v/v) glutaraldehyde at 4°C overnight. Then, the samples were washed three times with 0.1 M phosphate buffer (pH 7.2) before being dehydrated in ethanol with serial concentrations of 30%, 50%, 60%, 70%, 80%, 90%, and 100% (v/v). After being dehydrated, the samples were dried at the critical point (Tousimis samdri-PVT-3D, Rockville, MD, USA) using CO 2 as a transition fluid. The prepared samples were mounted on aluminum specimen holders and coated with gold (Hitachi E-1010, Tokyo, Japan) and observed at an acceleration voltage of 5 kV.
Differential scanning calorimeter (DSC)
Thermal properties of the AMP and AMP gels were determined using DSC (Q2000, TA instruments, New Castle, DE, USA). Temperature calibration was performed using the Indium thermogram. Prior to the glass transition temperature (Tg) analysis using DSC, the AMP gels were freeze-dried and then conditioned in a desiccator containing silica gel for 2 weeks at room temperature to obtain the most dehydrated powders possibly. The AMP and AMP gels (5-10 mg) were accurately weighed into aluminum pan and sealed with hermetic lid, then scanned over the range from −10°C to 200°C at a basic heating rate of 10°C/min. Thermal denaturation temperature (Tm) of freeze-dried AMP was determined in 4°C distilled water at a protein concentration of 200 mg/ml, and scanned over the range from 5°C to 90°C at a basic heating rate of 2°C/min. An empty and sealed aluminum pan was used as a reference. The Tg and Tm of samples were obtained from the inflexion point of heat flow thermograms.
Fourier transform infrared spectroscopy
The FTIR spectroscopy analyses were carried out at room temperature, using a Thermo Nicolet iS50 FTIR spectrometer (Thermo Scientific, Waltham, MA, USA). The spectra in the range of 4000-400 cm
were rationed, and automatic signals gained were collected in 16 scans at a resolution of 4 cm
. Prior to FTIR analysis, the freeze-dried AMP gels were conditioned in a desiccator containing silica gel for 2 weeks at room temperature and then mixed with KBr in a ratio of 1: 100 (w/w) and pressed into thin slices. The AMP were dried and directly pressed into thin slices for analysis of FTIR.
Statistical analysis
The data were analysed using Excel and SPSS for Windows v17.0 (SPSS Inc., Chicago, IL). Analysis of variance and Duncan's multiple-range test were performed for statistical analyses. The probability value of p < 0.05 was used as the criterion for significant differences.
Results and discussion
Protein solubility
The solubility of AMP was determined in distilled water or buffer solution at different pH values (Fig. 1) . In the distilled water, the lowest protein solubility of AMP was obtained at pH 5.5, and the protein solubility became higher with decreasing or increasing pH of AMP solution. This trend was similar to that of silver carp surimi. [20] The net charge on the surface of the protein was decreased when the pH of protein solution was close to the isoelectric point, [21] resulting in the decrease of electrostatic repulsion and protein solubility. Therefore, it was found that the isoelectric point of AMP was around pH 5.5. In the buffer solution, the lowest solubility of AMP was obtained at a lower pH value, probably since proteins are in a very unstable state under such conditions which would favour protein denaturation and consequently aggregation even at low temperature. [22] The chloride ion binds with the positively charged amino acids to a stronger degree than the sodium ion, so the negative net charge of protein was increased by adding salts, [12] which resulted in an increase of electrostatic repulsion and AMP solubility at pH 5.0-7.0 (Fig. 1) . These results clearly showed that the AMP solubility at different pH was altered by ionic strength.
The protein fractions dissolved at different pH values were analysed by SDS-PAGE and shown in Fig. 2 . In the distilled water, the protein fractions dissolved at pH 3.0-4.0 and 7.5-8.0 included all proteins of AMP. Especially, the band intensity of paramyosin (PM) was higher than the others, indicating that PM was the major component in the AMP. In pH of 4.5-5.5, only a band of less than 25 kDa was found. However, all protein fractions of AMP were dissolved only at pH 6.0-8.0 in the buffer solution, and the band intensity of them was disappeared with decreasing pH. The protein solubility (Fig. 1) and the band intensity of protein fractions of AMP (Fig. 2) showed a good correlation.
Textural properties
The breaking force and deformation of AMP gels are shown in Fig. 3(a,b) . The breaking force and deformation of AMP gels formed at pH 5.0 and 5.5 were not detected due to the low gel-forming ability. Protein solubility is assumed to be a prerequisite for formation of protein gels. Proteins aggregate and are least soluble at their isoelectric point; this results in poor gels or even prevents gel formation. [6] However, the breaking force and deformation of AMP gels elevated gradually as the pH of gel-forming solution increased from pH 6.0 to 7.0. Similar results have been reported in scallop actomyosin gels. [11] An optimal gel formation was generally observed at pH 6.0 for fish myofibrils. [23, 24] The negative effect of high pH on heat-induced gel for myofibrillar protein of fish was also reported and no gel was formed at pH 7.0. [22] It was reported that the gel-forming ability of invertebrate actomyosin was different from fish actomyosin, and such differences were probably caused by the protein composition ratio of actomyosin and thermal stability, especially the largest divergence between invertebrate and fish is the presence or absence of the PM. [25] Therefore, it may be concluded that the AMP dissolved in buffer solution had a greater gel-forming ability at high pH.
Water holding capacity
The WHC (%) of AMP gels at various pH values is shown in Fig. 4 . This figure shows that the WHC increased significantly from 47.8% to 81.0% as the pH values were increased from 5.5 to 7.0. The results were similar to those obtained with fish and porcine myosin gels. [12, 26] The WHC of protein gel usually represented the ability of protein to bind water. As the pH approached the isoelectric point of AMP, proteins tend to aggregate before heating because of increases in protein-protein interactions, [21] resulting in the appearance of the formed heat-induced AMP gels that exhibited obvious syneresis. The capillaries of the insoluble protein system have contributed to entrap water for the protein. Above the isoelectric point of AMP, the protein swelled and bound a plenty of water because of an increase in binding sites for water molecules by electrostatic repulsion. Therefore, the WHC of AMP gel was increased with increasing the pH of gel-forming solution. It was interesting to note that the higher the breaking force of AMP gels, the higher the WHC. Chung et al. also reported that gel strength and WHC of Pacific whiting surimi increased as the pH was increased from 5.0 to 7.0. [27] 
Scanning electron microscopy
Fig . 5 shows the scanning electron micrographs of AMP gels at various pH values. The gelforming solution at pH 5.0 and pH 5.5 all formed a coarse and disorder gel with clusters of agglomerates, but gradually dense gel structure was observed in the gel formed at increasing pH, suggesting that the pH was able to change the surface structure of AMP gels. The charged groups of AMP were reduced gradually as the pH became close to the isoelectric point, resulting in the rate of aggregation faster than denaturation, and then the faster aggregation rate led to a coarse gel network and a low WHC. [19] In contrast, a more compact gel network can be obtained if the rate of aggregation is slower than denaturation. Therefore, it could be presumed that the relative speed of denaturation and aggregation of the AMP at pH 7.0 were beneficial for formation of a fine gel network. With an increase in the pH of gel-forming solution, the smaller pores' diameter in the three-dimensional network led to a larger specific surface of the gel structure, which resulted in a large effective contact area between protein and water molecules. Thus, the AMP gel formed at high pH had a greater WHC (Fig. 4) because the water did not migrate easily, indicating that the WHC of gels was closely related to the microstructure. Similar results were reported in the lamb myofibrillar protein. [21] 
Differential scanning calorimeter
Thermal denaturation temperature (Tm) of AMP was analysed in Fig. 6 . DSC thermograms of AMP showed two endothermic transitions with 42.27°C and 66.99°C, respectively. The first transition in DSC thermograms of AMP would be related to PM and myosin denaturation, and the actin contributed to the second transition. Similar results were reported in the scallop myofibrils. [28] The glass transition is the transformation of amorphous material from a glassy to a rubbery state with an increase in molecular mobility due to elevating temperature. In fact, the glass transition of polymers is considered to be strongly related to the molecular (microscopic) state. [29] As shown in Fig. 6 , the Tg of AMP was lower than that of AMP gel formed at pH 5.5. Generally, the Tg of protein could be enhanced because of the molecular cross-linking during protein gelation process. The crosslinking of proteins is caused by various molecular forces, including hydrogen bonding, hydrophobic interactions, disulphide bonding, ionic attractions, or a combination of these forces. [30] Mizuno et al. [29] pointed out that the Tg of biopolymers in general can be determined by the state of the noncovalent bonds. Taylor [31] stated that lower glass transition of matrix could be due to less hydrogen bonding involvement in glassy state. As can be seen, an increase in Tg was observed for the AMP gels with increasing the pH of gel-forming solution, possibly since the increasing compact of three-dimensional network limited the molecular mobility (Fig. 5) , especially the molecular interaction can prevent the local molecular motion. [29] The Tg of AMP gel formed at pH 5.0 was greater than that of pH 5.5 probably because of a stronger cross-linking by molecular forces. Based on the results of Fig. 6 , it could be speculated that a greater gel-forming ability of AMP was observed with increasing the pH of gel-forming solution.
Fourier transform infrared spectroscopy FTIR of AMP and AMP gels were analysed in Fig. 7 . A wide band at 2965 cm −1 was attributed to the vibration of CH bond. However, the intensity of the 2965 cm −1 band in AMP gels decreased with increasing pH. It was reported that the intensity of the 2930 cm −1 band decreased with decreasing the polarity of the environment around hydrocarbon chains. [32] The unfolding of protein with increasing pH may lead to the exposure of the methyl or methylene during gelation process, and the methylene groups may be bound to certain atoms that are more electronegative than carbon, resulting in the changes of environment of CH bond and then leading to a decrease in intensity of the 2965 cm −1 band. The band at 2112-2135 cm −1 corresponding to SH [33] had a more weaker band with increasing pH, possibly due to a decrease in SH groups during protein gelation process, indicating the formation of disulphide bonds and then further improving the gel strength (Fig. 3) .
Amide I (1600-1700 cm
) and amide II (1500-1600 cm
) are generally employed to monitor the changes of protein secondary structure in various environments. As shown in Fig. 7 , a peak (1540 cm −1 ) was observed between 1500 and 1600 cm −1 at AMP spectrum, primarily ascribed to N-H bending with a contribution from C-N stretching vibrations. [34] However, in the AMP gels spectrum, the intensity of amide II (1540 cm −1 ) was diminished until disappeared completely with increasing the pH of gel-forming solution. In favourable situations, the amide II region is observed for random coil structure and allows a more accurate estimate of the helix and random components. [35] The pH decrease may promote protein denaturation and aggregation with disordered interaction between proteins. Therefore, one may infer that the decrease in intensity of amide II was attributed to the diminishing of random coil structure, indicating that the unfolding of protein with increasing pH possibly led to the exposure of the hydrophobic amino acids and then enhanced the hydrophobic interactions between proteins, which corresponds to the greater gel strength (Fig. 3) and Tg (Fig. 6 ) during protein gelation process.
Conclusion
AMP solubility measurements revealed large differences between pH values. AMP was sensitive to pH and PM was observed as the major fraction of AMP by SDS-PAGE. The positive effect of high pH on thermal gelation was obtained for AMP, and the high quality of AMP gel with the highest gel strength, WHC, and dense microstructure was obtained at pH 7.0. Upon heating, the effects of pH on AMP gel-forming solutions were responded to Tg of AMP gels, which may help to promote understanding of the mechanism of the glass transition of food proteins and to control it for practical use. Based on the results of FTIR, some of the features changed with increasing pH were beneficial for formation of a fine AMP gel network. Therefore, it may be concluded that AMP exhibited a remarkable ability to form three-dimensional network structure, and the gelation characteristics of AMP at various pH values are indicative of abalone muscle food quality.
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